INTRODUCTION
The enzyme-linked immunosorbent assay (ELISA) has proved to be far more sensitive than immunodiffusion, precipitin and other conventional serological tests employed in the detection of plant viruses (Clark & Adams, 1977; Converse, I978; Koenig et al. I979) . Generally, ELISA can be used to detect viruses at concentrations of IO to IOO ng/ml (Voller et al. 1976; Lister, I978; Ramsdell et al. t979) . With some viruses, however, minimum detection levels can be as low as 1 ng/ml or lower (Clark & Adams, I977; Gera et al. 1978; Reeves et al. 1978) yet with other viruses, as high as 5o0 ng/ml (Hamilton & Nichols, 1978) . While attempting to use ELISA for the detection of lettuce mosaic virus (LMV) in lettuce seed samples containing one infected seed in 500 to t ooo seeds (Jafarpour et at. I979), we encountered inconsistencies in the ability to detect virus (S. A. Ghabrial and R. J. Shepherd, unpublished observation) . Thus, ELISA, as it is now performed, may be unsuitable for detecting LMV and possibly other viruses where it is necessary to test routinely at virus concentrations approaching the lower limits of detection.
Recently, Koenig 0978) reported that binding of enzyme-coupled antibodies in the ELISA test was completely inhibited by simultaneously added native antibodies. She suggested that conjugation of antibodies with enzyme may cause spatial impairment of the combining sites thus reducing the binding ability of the antibodies. With this in mind, and with the recent introduction of the iodinating reagent 1,3,4,6-tetrachloro-3a,6a-diphenylglycoluril which provides for a simple, gentle and efficient procedure for radioiodination of proteins (Fraker & Speck, 1978) , we developed a radioimmunosorbent assay (RISA) for the oo22-I317/8o/ooo<~3988 $02.00 (~ 198o SGM detection of plant viruses. The RISA procedure, which is a microplate method based on the principle of double-antibody sandwich (Voller et al. I976) , follows essentially the protocol of the ELISA procedure (Clark & Adams, I977) except that 125I-labelled T-globulin is substituted for the v-globulin enzyme conjugate. The bound 12~l-labelled v-globulin is dissociated from the double-antibody sandwich by acidification. The radioactivity released is proportional to virus concentration. This paper describes the application of RISA in the detection of two plant viruses and presents direct evidence that conjugation of antibodies with enzyme decreases their binding abilities.
METHODS
Viruses. Cauliflower mosaic virus (CaMV), isolate CM4-I84, was purified from infected turnip (Brassica rapa L., cv. Just Right) as described by Hull et al. (I976) . The following isolates of CaMV were maintained in turnip in the greenhouse: CM4-184, NVRS, Campbell, Nom6, NY 8 t 53 and horseradish. Crude extracts of infected leaves were used as sources of these virus isolates in the serological assays.
An isolate of lettuce mosaic virus (LMV) was obtained from lettuce seedlings grown from infected seed. The virus was purified from Chenopodium quinoa L. or lettuce (Lactuca sativa L.) by the following procedure: infected leaves were homogenized (1:2, w/v) with o'I65 M-disodium phosphate-o.oI 8 M-trisodium citrate buffer, pH 9"o (Veerisetty & Brakke, 1978) containing o.I% sodium diethyl dithiocarbamate and o.5% 2-mercaptoethanol. The homogenate was filtered through two layers of cheesecloth and the filtrate was adjusted to O/ 2/o (v/v) with Triton X-ioo. The mixture was stirred overnight at 4 °C and then centrifuged at 8ooo g for I5 rain. The supernatant was layered on a cushion of 6 ml of 3o% sucrose in o'o5 M-sodium phosphate buffer, pH 7"6, containing o'ot M-EDTA and centrifuged at 27o0o rev/min for 3"5 h in the Spinco R3o rotor. The high speed pellets were suspended in the same phosphate buffer. Further purification was made by two cycles of equilibrium density gradient centrifugation in CsC1 (initial density of 1-286 g/ml).
Antisera. Antisera to CaMV (isolate CM4-184) and to LMV were produced in rabbits by a series of intravenous and subcutaneous injections. The ring precipitin titres of these antisera were 1/Io24 and 1/256 , respectively. The y-globulins from these two antisera were precipitated by half-saturated ammonium sulphate and purified by passage through a DEAEcellulose column.
Procedure.for ELISA. The ELISA test was performed in polystyrene microelisa plates (Dynatech Corp., Alexandria, Va., U.S.A.) by methods similar to those described by Clark & Adams 0977). In all tests, plates were coated with y-globulin at i #g/ml. Plant extracts were generally prepared by homogenizing I g tissue with io ml o.o2 M-phosphate-buffer saline (PBS) containing 0"02 c)/o sodium azide, o/ o'o5/o Tween 2o, 2 % polyvinyl pyrrolidine (tool. wt. 4oooo) and 0-2 % ovalbumin (PBS-PVP-OA). Serial dilutions of purified virus or plant extracts were made with PBS-PVP-OA. Alkaline phosphatase (type VII, Sigma, St. Louis, Mo., U.S.A.) was conjugated to y-globulin at a ratio of 5:2 (w/w) with o.o6% glutaraldehyde as the coupling agent. To the y-globulin enzyme conjugate solution (hereafter designated as conjugate) was added bovine serum albumin (BSA) to a final concentration of 5 mg/ml, and the conjugate was stored at 4 °C. Unless otherwise stated, the conjugate was diluted 1/4oo with PBS-PVP-OA before application. Following the addition of conjugate, the plates were incubated at 5 °C for for I6 h. Excess conjugate was removed by washing the plate with PBS-Tween 2o. The enzyme substrate, p-nitrophenyl phosphate (o.6 mg/ml in lO% diethanolamine buffer, pH 9"8), was added at the rate of 2o0/d/well; the reaction was stopped after 30 to 6o rain by adding 5o/~1 of 3 M-NaOH to each well. The results were scored visually or photometrically at 4o5 nm.
Iodination of y-globulin, q-he y-globulins derived from antisera to CaMV and LMV were labelled with 125I essentially as described by Fraker & Speck (1978) . The iodinating reagent 1,3,4,6-tetrachloro-3a,6a-diphenylglycoluril ('IODO-GEN' from Pierce Chemical Co., Rockford, Ill., U.S.A.) was dissolved in methylene chloride at a concentration of ~ 5o/zg/ml. A Io/zl sample was placed in a Io × 75 mm test tube (reaction tube) and the methylene chloride was evaporated by a stream of dry nitrogen gas at room temperature. To a separate tube was added 5oo/~g of y-globulin in o'5 ml PBS containing o.2 % sodium azide. The two tubes were brought to o to 2 °C in an ice bath and the reaction was initiated by transferring the y-globulin solution to the reaction tube and adding 5oo/~Ci of Na125I. The reaction was allowed to proceed for 15 rain at o to 2 °C and was terminated by removing the mixture from the reaction tube. Unreacted ~5I was removed by dialysing the y-globulin solution for 24 h against two to three changes of PBS. BSA was added to the 125I-Iabelled y-globulin to a final concentration of 5 mg/ml and the y-globulin solution was stored at 4 °C. Assuming no change in y-globulin concentration during the iodination procedure, the specific activity of a25I-labelled y-globulin was 2"0 × 106 ct/min//~g.
Procedure for RISA. Coating of the polystyrene plates with y-globulin, washing, preparation and application of test samples were conducted in the same manner as for ELISA (Clark & Adams, I977) . To the washed plates were added 2o0 #1 of lzSI-labelled y-globulin diluted I/4oo with PBS-PVP-OA to give a final activity of 7o ooo to 12o ooo ct/min per well. The plate was incubated at 5 °C for 16 h. Unbound ~25I-y-globulin was removed by washing the plates with PBS-Tween 2o. The bound ~sI-y-globulin was dissociated from the doubleantibody sandwich by placing 25o/~1 of o.~ M-glycine-HC1 buffer, pH z-3, in each well. Following an incubation period of 15 min, 2oo #1 of the contents of each well were transferred to scintillation vials containing 2 ml of RIA-Solve II fluid (Research Products International Corp., Elk Grove, Ill., U.S.A.) and counted in a Beckman model LS-3133 liquid scintillation counter in the tritium channel.
Conjugation of l~5I-labelled y-globulin with enzyme.
A portion of the l~SI-y-globulin, derived from an antiserum to CaMV, was conjugated with alkaline phosphatase as described for the ELISA procedure. To the ~25I-y-globulin enzyme conjugate (125I-conjugate) was added BSA to a final concentration of 5 mg/ml and a25I-conjugate solution was stored at 4 °C. The a25I-conjugate was used in RISA tests to determine the effects of conjugation with enzyme on the binding ability of antibodies. Purified CaMV and leaf extracts from turnip plants infected with six different isolates of CaMV were the test samples in these experiments. The y-globulin for coating the plate was from the same sample of y-globulin used in preparing the labelled reagents. Each of the test samples was applied to four wells and the immobilized antigen in duplicate wells was reacted with 2oo/zl of either ~25I-labelled yglobulin or 125I-conjugate; each was diluted 1/4oo in PBS-PVP-OA. The final radioactivities per well were 8oooo and 625oo ct/min, respectively. The slightly lower radioactivity for the 125I-conjugate was probably due to changes in volume and/or loss of y-globulin during the conjugation procedure.
RESULTS

Titration of purified viruses with the RISA procedure Cauliflower mosaic virus
The relationship between virus concentration and RISA values (radioactivity of released x25I-labelled y-globulin) was stoichiometric in the range of Io to ~ooo ng/ml (Fig. I a) . With I o/zg/ml purified virus, RISA values were about 35 ooo ct/min, indicating a levelling off of the standard curve at virus concentrations greater than ~/~g/ml. The results of CaMV detection with RISA were reproducible (see Table I for RISA values obtained with two other preparations of CaMV). Assuming that RISA values equal to or higher than twice those for buffer control-constituted positive measurements, CaMV in purified preparation could reliably be detected at concentrations as low as 5 to I o ng/ml. The same virus dilutions (Fig. I a) were simultaneously tested on a duplicate plate with the ELISA method and the intensity of the developed colour was scored visually. A definite yellow colour developed in wells with virus at 5o ng/ml or at higher concentrations, and a weak colour was produced in wells with virus at 25 ng/ml. Wells charged with virus at a concentration lower than 25 ng/ml gave negative results.
Lettuce mosaic virus
Purified virus at a concentration as low as z ng/ml was reliably detected with the RISA procedure (Fig. Ib) . These results were reproducible in three experiments. Unlike the titration of CaMV, the relationship between LMV concentration and RISA values was not stoichiometric. A tenfold dilution of virus concentration reduced RISA values by only three-to fourfold. The same dilutions of LMV (Fig. I b) were simultaneously tested on a duplicate plate by the ELISA method. Virus at a concentration of2o ng/ml produced a weak colour whereas wells charged with virus at IOO ng/ml or more developed a clearly visible yellow colour. Wells with virus at a concentration lower than 20 ng/mt gave negative results. This is about the same range of sensitivity reported for ELISA of LMV (Jafarpour et al. I979) .
Effect of conjugation with enzyme on the binding ability of antibodies
Conjugation of 125I-labelled y-globulin with alkaline phosphatase gave a reduction of 6o to 88 % in RISA values in tests using both purified preparations and crude extracts of CaMV (Table I ). This reduction in RISA values was roughly equivalent to that obtained by a tenfold dilution of antigen (crude extract), e.g. RISA values for a I/Io dilution of CaMV isolate CM4-I84 in infected turnip leaves and reacted with 125I-conjugate were of the same magnitude as those obtained with a I/IOO dilution of the same virus isolate but reacted with l~SI-labelled y-globulin (Table x) . :~ Values are means of absorbance readings for quadruplicate tests (standard deviations in parentheses). The reaction products were diluted fivefold with water prior to spectrophotometric measurements. § Leaf homogenates (I g/io ml of PBS-PVP-OA) were considered as ~o -1 dilution of the indicated virus isolates in these tissues. Further dilution of homogenat+s was made with PBS-PVP-OA.
II Tenfold serial dilutions of purified virus (isolate CM4q84) at an initial concentration of A2e0 = o'44 (or loo #g/ml using an A°;ao °/° = 4"4 units) were made with PBS-PVP-OA.
Portions of the same purified preparations and crude sap extracts of CaMV as were used in the RISA tests were tested by the ELISA method ( Table I ). Samples that were scored as producing weak ELISA colour were confirmed as positive by spectrophotometry (Table 1) ; an absorbance equal to or higher than twice that of healthy control was considered positive. Samples that were definitely positive in the RISA test but were scored negative by ELISA visual assessment were shown to be either borderline or negative by spectrophotometric measurements.
Activity of nSI-conjugate in the ELISA procedure
The activity of l~SI-labelled conjugate (from a CaMV antiserum) was compared to that of non-radioactive conjugate in the ELISA test using purified preparations and crude extracts of CaMV. In this experiment, both ELISA and RISA were performed on the same plate. Each of the test samples was apptied to eight wells and the immobilized antigen was reacted with either y-globulin enzyme conjugate (two wells), nil-conjugate (four wells) or nSI-labelled y-globulin (two wells). Two of the four wells receiving 12H-conjugate were processed by the ELISA procedure; the other two wells by the RISA procedure. The y-globulin enzyme conjugate and the a2~I-conjugate were diluted t/300 with PBS-PVP-OA prior to application; the a2~I-labelled y-globulin, was diluted I/4OO so that the final radioactivity per well was comparable to that of azSI-conjugate. Table 2 shows that there were essentially no differences in the ELISA values between treatments with 125I-conjugate and those with the nonradioactive conjugate. The RISA values, however, were markedly reduced as a result of conjugation of 125I-y-globulin with enzyme ( Table 2) . As shown earlier (Table I) , the reduction in RISA values was approximately equivalent to that obtained by a tenfold decrease in virus concentration.
DISCUSSION
Solid phase radioimmunoassays have been used extensively and successfully with human and animal viruses (Daugharty & Ziegler, I977) but rarely with plant viruses (Ball, I973) . The RISA procedure described in this study provides a simple and highly sensitive technique for the detection of plant viruses. It offers an alternative to ELISA for systems where the latter gives borderline or inconclusive values. The RISA procedure was applied successfully and reliably for the detection of LMV in lettuce seed lots containing very low proportions of infected seeds (S. A. Ghabrial and R. J. Shepherd, unpublished observation) . With the use of a low cost y-counter, the RISA procedure can be performed routinely at a cost comparable to that of ELISA. The cost of radioiodination of y-globulin is about one-third of that required for labelling the same amount of y-globulin with enzyme. Since the half-life of 125I is 6o days, the 12~I-labelled y-globulin cannot be stored as long as the y-globulin enzyme conjugate. However, we have used 125I-labelled y-globulin stored for as long as 6 to 8 weeks without significant loss of sensitivity in the RISA test.
A stoichiometric relationship between virus concentration and RISA values was obtained in titration experiments with the isometric virus CaMV but not with LMV, a virus with long flexuous particles. Like other potyviruses, LMV has a tendency to aggregate and this may account for its behaviour in titration experiments. Thus, a RISA sensitivity of 2 ng/ml for LMV, as reported here, and likewise the reported sensitivities of ELISA for potyviruses and other viruses that tend to aggregate should be viewed with this consideration in mind.
The results of titration experiments with CaMV in crude extracts (Table ~) resembled those with purified LMV in that the decrease in RISA values was not stoichiometrically proportional to the dilution. This effect is likely to be due to the occlusion of most of the virus particles within the cell in inclusion bodies which do not readily break down when liberated from the cell (Shepherd, ~976) . A similar phenomenon was observed when using serologically specific electron microscopy (Beier & Shepherd, 1978) . This effect, however, is not observed with purified virus since the virions are released from the inclusion bodies during purification (Hull et al. ~9763 .
Compared with conjugation with enzyme, radioiodination of y-globulin with 'IODO-GEN' represents a very mild treatment for protein labelling. We have shown that conjugation with enzyme adversely affects the binding abilities of antibodies: conjugation of 12~[-7-globulin (to CaMV) with enzyme reduced RISA values by 60 to 88 o~.
With some viruses, the ELISA test is so highly specific that a conjugate prepared to one strain failed to detect other seroIogically closely related strains (Koenig, 1978 ) . The behaviour of conjugated antibodies was shown to be responsible for this high degree of specificity (Koenig, I9783 . Thus, the use of a-~SI-labelled antibodies, as in the RISA procedure, instead of enzyme-conjugated antibodies might prove valuable for the detection of serologically divergent viruses, particularly in large-scale screening.
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